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Introduction
The timing of reproduction can have important effects on fitness in many organisms, including birds (e.g., Thomas et al. 2001) , fish (e.g., Dickerson et al. 2005) , insects (e.g., Landa 1992) , and plants (e.g., Aizen 2003) . In plants, the evolution of flowering phenology is often interpreted as the response to selection from mutualists. Indeed, the availability of pollinators and seed dispersers can place strong selection on flowering phenology in many systems, usually favoring earlier flowering (e.g., Waser 1979; Widén 1991; O'Connell and Johnston 1998; Parra-Tabla and Vargas 2004; Elzinga et al. 2007 ). However, selection on flowering phenology by mutualists may be balanced by antagonisms and interactions with the abiotic environment. In seasonal environments, the flowering phenology must be such that climatic conditions are suitable for reproduction and time for development and dispersal of seeds is sufficient (Evans et al. 1989; Oberrath and Böhning-Gaese 2002; Aizen 2003; Bolmgren and Lönnberg 2005) . Antagonistic interactions, such as predispersal seed predation (Biere and Honders 1996; Brody 1997; Albrechtsen 2000; Pilson 2000) , herbivory (Evans et al. 1989; Juenger and Bergelson 1998) , and pathogens (Biere and Antonovics 1996; Elzinga et al. 2007) , have been shown to be influenced by the flowering phenology. Studies examining both pollinators and antagonists have often found counteracting, as well as spatially and temporally varying, selection on flowering phenology (Brody 1997; Bishop and Schemske 1998; Ollerton and Lack 1998; Elzinga et al. 2007) . The presence of such opposed and varying selection may prevent fine-scale adaptation and may act to maintain genetic variation for flowering phenology within populations.
Correlations between timing of reproduction and fitness do not necessarily lead to changes in timing. A crucial assumption behind predictions about evolutionary change is that observed relationships between traits and fitness are causal and not the result of environmental covariance (Fisher 1958; Lande and Arnold 1983; Rausher 1992; Scheiner et al. 2002; Stinchcombe et al. 2002) . In birds, the lack of response to selection for earlier breeding has been suggested to be due to quality differences between early and late breeders (Price et al. 1988; Verhulst et al. 1995; Gienapp et al. 2006) . In plants, individuals growing under favorable conditions may both start to flower at an earlier date and have a higher seed set. Phenotypic covariance between fitness and a trait thus can be due to both selection itself and environmental correlations between fitness and traits (Rausher 1992) . There are two main possibilities to reduce the bias of selection estimates caused by such environmental covariation. The first is to estimate selection gradients from genotypic values, which are not biased by environmental covariances, rather than from phenotypic values (Rausher 1992 ). The second is to adjust for environmental covariation by including traits, assumed to measure the overall condition of individuals, in a multivariate selection analysis or a path analysis (Lande and Arnold 1983; Scheiner et al. 2002) .
Selection on traits influencing multiple interactions, such as flowering phenology, is often difficult to evaluate because different agents affect different components of fitness. For example, pollinators and seed predators primarily affect current reproductive output while herbivores often influence resource acquisition for future growth and reproduction. Moreover, similar relative changes in different fitness components usually have very different effects on lifetime fitness, and effect sizes for components of fitness may be negatively correlated with their importance (e.g., Pfister 1998; Ehrlén 2003; Morris and Doak 2004) . To assess net selection, it is therefore necessary to translate the effects on different fitness components into effects on lifetime fitness. Under some assumptions, the population growth rate of a given phenotype is equal to its mean absolute lifetime fitness (Lande 1982; van Tienderen 2000; Caswell 2001; Coulson et al. 2003) . Demographic analyses can therefore be used to explore the effects of trait variation on lifetime fitness. Van Tienderen (2000) outlined a path analysis framework that combines selection analysis for the links between phenotypic traits and fitness components and a matrix analysis for the relationship between fitness components and lifetime fitness. Using this approach, it is possible to link the demographic and evolutionary dynamics of a study system and assess how changing plant trait values affect lifetime fitness via different paths.
In this study, we examined selection on first flowering date (FFD) in the hermaphroditic perennial herb Lathyrus vernus. This system involves interactions with both mutualists and antagonists, influencing several components of fitness. We used a path analysis framework to examine direct and indirect phenotypic selection on FFD. Analyses were based on 7 years of extensive field data on the full life cycle and the effects of FFD on seed set, predispersal seed predation, and vertebrate herbivory. We estimated the direct effects of FFD on lifetime fitness as well as effects via the covarying trait flower number. We included flower number in our analyses because previous experiments suggest that it reflects environmental conditions and individual resource state in L. vernus. We asked the following questions: (1) Does FFD affect seed set? (2) Does FFD affect predispersal seed predation? (3) Does FFD affect risk of herbivore damage? (4) Do effects of FFD translate into net effects on lifetime female fitness? (5) Are correlations between FFD and fitness influenced by trait covariation? (6) How consistent is selection on FFD between years? Constancy in selection on timing of reproduction may be rare. This study provides one of the few data sets with which one can examine how selection actually may vary over time.
Methods

Study System
In the study area, Lathyrus vernus (Fabaceae) is a longlived, nonclonal forest understory herb. One to several erect shoots, 5-40 cm tall, sprout from a subterranean rhizome early in spring. Growth of shoots and leaf development terminate ∼5 weeks after shoot appearance, except for regrowth following severe damage. The purplered flowers (mean total number per individual ‫ע‬ SD p , individuals) open about 3-4 12.9 ‫ע‬ 17.8 N p 1,527 weeks after shoot emergence (Sola and Ehrlén 2007) . Start of flowering does not predict flower number; the number of flowers in one year is determined in the previous summer when flower buds differentiate (Ehrlén and van Groenendael 2001) . Flowers within shoots are arranged in one to five racemes ( ) with one to nine flowers each 2.0 ‫ע‬ 0.9 ( ), and ovaries contain 10-18 ovules ( 4.2 ‫ע‬ 1.9
13.4 ‫ע‬ ; Ehrlén 1992). Flowers develop acropetally, starting 1.6 with the basal flowers on the lowest raceme. Flower number is closely correlated with aboveground biomass and responsive to experimental treatments, suggesting that, to a large extent, the number of flowers reflects plant resource state and environmental conditions (Sola and Ehrlén 2007; J. Ehrlén, unpublished data) . Previous studies with L. vernus have documented significant genetic differences in FFD among regions and among populations within regions (Widén and Schiemann 2003) , while experiments suggest that plant resource state does not affect FFD (Sola and Ehrlén 2007) .
Lathyrus vernus is self-compatible but lacks mechanisms for autopollination (J. Ehrlén, unpublished data). Flowers remain receptive to pollen for 6-10 days if not pollinated. The duration of flowering for an individual is usually 2-3 weeks but depends on flower number and temperature. In the study area, plants are pollinated by long-tongued bumblebees (Bombus spp.), and fruit set is limited by pollen availability in some years (Ehrlén 1992) . Seeds are sometimes damaged by the generalist predispersal seed predator beetle Bruchus atomarius. Vertebrate grazing, primarily by roe deer (Capreolus capreolus), is most intense during flowering and typically removes the entire inflorescence and a considerable proportion of aboveground vegetative tissues. A more detailed description of the study species biology is provided by Ehrlén (2002) .
Data Collection
The data for this study were collected in unmanipulated permanent study plots in a mixed deciduous forest in southeastern Sweden (population T in Ehrlén 1995a). Individuals were tagged and followed from 1988 to 1994 (for details of demographic recordings, see Ehrlén 1995a). The total number of individuals followed in demographic plots ranged from 297 to 827 (mean p 673) over the study years, and the number of flowering individuals ranged from 57 to 294 (mean p 149). Besides the monitoring of individuals in study plots, we estimated probabilities of seedling emergence and seedling survival by seed-sowing experiments in the near vicinity of experimental plots (Ehrlén 1995b ). Each year, flowering individuals were recorded every 5 days for the presence of open flowers. In June, after flowering had ceased, we recorded total flower number in all fertile individuals. At the time of fruit maturation, the numbers of intact seeds and seeds damaged by predispersal seed predators on every plant were counted. We also recorded the incidence of grazing at all visits in all individuals in all years. This method provided information on the flowering start of grazed individuals only if they had been recorded as flowering before they were grazed. To circumvent this problem, in 1994 we also measured the length of the largest flower bud in individuals that had not yet started to flower. For individuals recorded as grazed at one visit, we then used the flower bud size recorded in the previous visit as a proxy for the onset of flowering. Because grazed individuals usually either were undamaged or had most of the shoot-including all flowers-removed, we classified grazing damage as 0 or 1.
The flowering time of an individual plant can be described by several parameters, each capturing potentially important aspects of the temporal sequence of flower exposure (Ollerton and Lack 1998; Malo 2002) . In this study, we used FFD as a measure of individual flowering time. This was because this date was easily defined and because it is independent of the interactions that were the focus of our study. In L. vernus, flowers that are fertilized wilt after 1 to a few days while unvisited flowers remain receptive for up to 10 days (J. Ehrlén, personal observation). Alternative measures of flowering phenology, such as median day and duration of flowering, may therefore depend on variation in pollinator availability. Moreover, in our study species, median date of flowering is closely correlated with FFD ( ), and total duration of flowering is r p 0.85 closely correlated with flower number ( ; J. Ehrlén, r p 0.87 unpublished data). The latter aspect of phenology was thus taken into account largely by including flower number as a covariate in our analyses (see "Analyses"). We assumed that absolute differences in FFD between years are largely due to differences in climatic conditions. Because effects of climatic variation were not our primary interest, we used the difference in FFD between the focal plant and the first plant to flower in that year as our measure of relative flowering phenology.
Analyses
To assess phenotypic selection on FFD, we used the elasticity path diagram (elastogram) approach of van Tienderen (2000; fig. 1 ). In this hierarchical framework, lifetime fitness is measured by population growth rate, which depends on elements in a transition matrix (Coulson et al. 2003) . The matrix elements depend on fitness components, which in turn can depend on phenotypic traits. The method is based on a causal path model in which information about links between phenotypic traits and fitness components is combined with information about links between fitness components and population growth rate. The causal model for our study system was based on previous knowledge, derived from numerous descriptive and experimental studies (reviewed in Ehrlén 2002) . According to the model, FFD directly affects fitness through three interactions: seed set, predispersal seed predation, and grazing. Seed set and seed predation affect only number of intact seeds, while grazing affects both the number of intact seeds and the probability of flowering in the following year (Ehrlén 2002) . Our model of the links between FFD and fitness components thus consisted of four independent pathways (table 1; fig. 1 ): (1) seed set, consisting of a single link, effects of FFD on number of intact seeds; (2) seed predation, consisting of two links, effects of FFD on intensity of seed predation and effects of seed predation on number of intact seeds; (3) grazing effects on number of intact seeds, consisting of two links, effects of FFD on probability of grazing and effects of grazing on number of intact seeds (the latter relationship was set to Ϫ1 in all years because grazed plants did not produce seeds); and (4) grazing effects on probability of flowering, consisting of two links, effects of FFD on probability of grazing and effects of grazing on probability of flowering in the following year.
To discriminate between direct selection and indirect selection, acting via covariation with flower number, we also included flower number as a trait in our path models. We assumed that because flower number was correlated with plant resource state, this should remove part of the effects of environmental covariation. This resulted in a path model with six links describing the direct effects of FFD on the fitness components seed production and prob- 1-6 and 7-11, respectively) . For this model, we first estimated the total strength of selection, acting both directly and indirectly through covariation with flower number. We did this by including all paths from FFD (also via flower number) to seed production and probability of flowering in the following year. These estimates are analogous to those of univariate selection analyses, that is, selection differentials. Second, we estimated the strength of direct selection, acting independently of flower number, by including only paths directly from FFD to seed set, seed predation, and grazing. These estimates are analogous to those of multivariate selection analyses, that is, selection gradients (Lande and Arnold 1983) .
We constructed separate path models for each of the 7 study years and used correlations and linear and logistic regressions to calculate path coefficients along the different pathways (table 1) . Slopes were calculated on the basis of mean standardized traits, and links between each pair of parameters in the path diagram give the percentage change in the target parameter, given a 1% change in the affecting parameter. Because calculations were based on mean standardized values, estimates of slopes can have absolute values above 1. The logit coefficients were transformed to linear scale using the formula suggested by Janzen and Stern (1998) . To express the overall effects of pathways, we combined values for all links within the pathway ( fig.  1) .
Because data for FFD of grazed individuals were most detailed for 1994, we used data from this year to explore the impact of grazing on selection on FFD in 1988-1993. First, we calculated the proportion of flowering individuals that were damaged by grazing in each of the study years. Second, we calculated the ratio of the probability of grazing in the focal year to the probability of grazing in 1994. Last, we multiplied this measure of the relative probability of grazing with the proportional change in probability of grazing, with proportional change in FFD and number of flowers from 1994. In this way, the pathways describing the effects of FFD via grazing assumed similar relationships between FFD and the probability of grazing on a mean standardized scale, while they accounted for differences in the overall proportion of individuals damaged among years.
We estimated the significance of each link in each year (table 1) . For relationships with FFD, we examined models with only linear terms and models with quadratic terms, to test for directional and stabilizing or disruptive selection, respectively. A pathway was considered significant if all links were significant. In addition to tests of single links, we tested the overall effects of FFD on the number of intact seeds and on the probability of flowering in each year. Differences in effects between years were tested by including the interaction between FFD and year in models based on data for all years. Because data were not normally distributed in all cases, the significance of linear and logistic regression coefficients was calculated both by regular F/x 2 statistics and by bootstrap resampling. Because the significance largely agreed, only the former results are shown. To examine whether results were heavily influenced by a few early-flowering individuals in some years, analyses of effects along all pathways in 1990, 1991, and 1993 were rerun with all observations in the first FFD category removed. Results from these analyses were quantitatively very similar to those of the original analysis, and all significant effects remained significant. We therefore present results only from analyses of the full data set. Under some conditions, the population growth rates of groups of individuals of different phenotypes are equal to their mean absolute lifetime fitness (Lande 1982; McGraw and Caswell 1996; Benton and Grant 2000; Caswell 2001 ). In perennial organisms with overlapping generations, population growth rate is an appropriate measure of average lifetime fitness of individuals in a density-independent and constant environment (Lande 1982; Caswell 2001) . Previous studies with L. vernus have found no evidence of density dependence and indicated that environmental stochasticity has little effect on growth rate in the study population (Ehrlén 1995a (Ehrlén , 1995b (Ehrlén , 2003 . We therefore considered population growth rate (l) to be an appropriate measure of the average absolute lifetime fitness of a group of individuals of the same phenotype and used relationships between FFD and population growth rate as estimates of selection strength.
To assess the relationship between FFD and population growth rate, we combined the information about relationship between FFD and fitness components (as described above) with information about the link between fitness components and population growth rate. The latter link was established in two steps, using demographic transition matrix models ( fig. 1) . First, fitness components, such as seed production and survival, were linked to the elements of the transition matrix. Second, transition elements were linked to population growth rate, using matrix projection models (Caswell 2001) . For parameterization of transition matrix models, L. vernus individuals were assigned to one of seven stages: (1) seeds in the seed bank, (2) seedlings, (3) small vegetative, (4) intermediate vegetative, (5) large vegetative, (6) flowering, and (7) dormant (for details, see Ehrlén and Eriksson 1995; Ehrlén and van Groenendael 1998) . We constructed separate transition matrices for each transition interval from 1988 to 1995. Matrix entries represented the pooled average of all individuals in permanent plots in that particular year. Germination rates and seedling survival were estimated from the seed-sowing experiments. For fates of seeds in the soil seed bank, we used estimates from previous studies with L. vernus (Ehrlén 1995b) . Parts of the demographic data from 1988 to 1991 have been used for matrix simulations previously (Ehrlén 1995b) . Compared with these analyses, the intermediate and large stages have been replaced by large vegetative and flowering stages.
According to our causal model, only transitions from the flowering stage were affected by differences in FFD ( fig. 1 ). All other transition elements of the matrix were identical among FFD phenotypes. The number of intact seeds produced by flowering plants affected transitions from the flowering stage to the seed bank and to seedlings. The links between the number of intact seeds and transitions from flowering plants were calculated as the proportional contribution of seed production to these transitions. The probability of flowering affected transition probabilities for flowering individuals to intermediatesized vegetative, large vegetative, flowering, and dormant stages. The link between the probability of flowering and the flowering-to-flowering transition was calculated as 1 Ϫ mortality. Links to each of the three transitions from flowering to nonflowering stages were calculated as 1 Ϫ mortality Ϫ the probabilities of the other two transitions. The links to transitions to nonflowering stages had negative signs because their probabilities decrease with increased probability of flowering.
To link changes in transition elements to changes in population growth rates, we calculated their elasticity value, using matrix models. Elasticity of a matrix element estimates the proportional change in population growth rate resulting from hypothetical proportional change in that element (de Kroon et al. 2000) . Because phenotypic selection was calculated for mean standardized traits, it was measured on the same scale as elasticities. The product of the effect of a change in FFD on a matrix element and the elasticity of that element therefore quantify the effect of FFD on population growth rate via this element (Caswell 2001). The summed effect along different pathways represents the overall proportional change in population growth rate with a proportional change in FFD. All effects were evaluated at the current population mean (cf. Iwasa and Pomiankowski 1991). These total effects on population growth rate were estimated for direct selection, acting independently of flower number, as well as for selection, acting via covariation with flower number.
Only the female component of fitness was considered, though male function may also be important for the evolution of flowering phenology. Grazing damage occurring before anthesis should have equal effects on male and female fitness components. In contrast, seed predation and grazing occurring after flowering influence only female fitness. During our study, most flowering individuals were grazed before flowering had started or before most flowers had reached anthesis (data not shown). This means that FFD most likely is also associated with effects on male fitness.
Statistical analyses were performed using S-PLUS (release 2; MathSoft, Needham, MA). Elasticity of the matrices was estimated using Matlab (ver. 5.3.1; MathWorks, Natick, MA).
Results
Effects of FFD on Seed Set, Seed Predation, and Grazing
The Julian date of first flowering differed significantly among years (table A1 in the online edition of the American Naturalist; fig. 2 ). The distribution of flowering start dates was unimodal in all years, but the range varied between 10 and 35 days. An earlier start of flowering was associated with a higher number of flowers in all years ( fig. A1 in the online edition of the American Naturalist). Number of seeds per flower varied little among years, while (table  A1) . Grazed plants produced no seeds and were less likely to flower in the following year (table A2 in the online edition of the American Naturalist).
In analyses including both direct effects and effects via flower number, FFD was significantly related to seed set, predispersal seed predation, and grazing in most study years. FFD was significantly negatively correlated with seed set in all years ( fig. A2 in Correlations between FFD and seed set and between FFD and predispersal seed predation were partly mediated by flower number. Examination of direct effects of FFD showed that later flowering tended to be associated with lower seed production via lower seed set in all years, but this relationship was significant only in 1991 (table 2, direct effects). Later flowering was directly associated with lower seed production via seed predation in 1993, while relationships in the other years were not significant. Earlyflowering individuals were significantly more likely to be damaged by grazing in 1994 when effects via flower number were excluded ( fig. A4 ). The summed direct effects of later flowering on seed production were significantly negative in 4 years, while the direct effects on the probability of flowering in the following year via grazing were positive (table 2). Quadratic terms of FFD were not significant in any case when taking the linear relationship into account, suggesting that nonlinear effects on seed set, predispersal seed predation, and grazing were not important (results not shown).
Selection on FFD
The projected yearly growth rates for the study population ranged from 0.96 to 1.06 (table A3 in the online edition of the American Naturalist). Elasticities for single transitions ranged about one order of magnitude, but population growth rate was always most sensitive to changes in the probability of flowering individuals remaining flowering ( fig. 1, a 66 ) and becoming large vegetative (a 56 ). Transitions associated with seed production (a 16 and a 26 ) had lower elasticities in all years.
Model-implied selection differentials for FFD were strongly negative in all years. Population growth rate decreased with a later flowering start when both direct effects and effects via flower number were included (table 3, total combined effects; fig. 3A ). In 1990, the year with the largest effect of FFD, expected population growth rate decreased from 1.16 for the earliest-flowering individuals to 0.97 for the latest.
In contrast, selection gradients for FFD differed in direction and magnitude among years. A later start of flowering was associated with a lower number of flowers in all years ( fig. A1) . A lower number of flowers was, in turn, correlated with lower seed production ( , r p 0.454 P ! ) and lower probability of flowering in the following .001 Note: Direct effects are calculated from partial regression coefficients in analyses with number of flowers as a covariate. Indirect effects of FFD are via covariation with flower number. Direct effects are decomposed into effects via seed set, seed predation, and grazing damage. Effects of grazing damage occurred via seed production in the current year and via probability of flowering in the following year. year ( , ) . As a result, the direct effects b p Ϫ0.0216 P ! .001 of FFD on population growth rate were weaker and less consistent among years than estimates that also included effects via covariation with flower number (table 3; fig.  3B ). In 1990, population growth rate decreased strongly, from 1.12 to 1.00, with a later start of flowering. In 1991-1993, there were less strong negative effects of later flowering, and in 1994 there was no net selection on FFD. Last, in 1988 and 1989, later flowering was associated with moderately increased population growth rate.
The effect of FFD on population growth rate occurred along all pathways in the elastogram. Effects via seed set were of a size roughly similar to that of effects via the two antagonistic interactions, and the effects of grazing were stronger than those of predispersal seed predation (table  3) . The effects of grazing via seed production were stronger than the effects via the probability of flowering in the following year.
Discussion
The results of this study suggest that directional selection on the start of flowering may occur via both mutualistic and antagonistic interactions and that these may act in opposed directions and affect different components of fitness. Seed set tended to be higher in earlier-flowering individuals, while late-flowering individuals suffered less from grazing. Effects via seed predation were weaker and differed among years. Average lifetime fitness, estimated by the population growth rate of phenotypes, was lower for individuals that started flowering later in all years. This correlation appeared to be caused largely by environmental covariation; selection on FFD adjusted for differences in flower number was weaker and differed in direction and magnitude among years.
Earlier flowering tended to be associated with higher seed set in all study years. We did not experimentally assess to what extent differences in seed set were caused by differences in pollinator availability. Several previous studies have shown that seed set, and thus plant fitness, is related to flowering phenology and also that such differences are caused by differential availability of pollinators (Widén 1991; O'Connell and Johnston 1998; O'Neil 1999; ParraTabla and Vargas 2004) . In most of these cases, it appears as if peak or earlier flowering is favored (Elzinga et al. 2007) . Also in Lathyrus vernus, experiments have shown that seed set is limited by the availability of pollen in some years (Ehrlén 1992) . Part of the observed effects of flowering phenology on seed set may thus have been the result of differences in pollinator availability over the season. However, effects of flowering time may also be mediated by a higher resource availability or flower number in earlyflowering individuals (e.g., Pellmyr and Thompson 1996; Totland 1997) . Indeed, in our study, a large proportion of the effects of FFD on number of developed seeds appeared to occur via flower number; the relationship between FFD and seed set was significant in only one year, after removing the effects via flower number.
Predispersal seed predation was associated with the flowering phenology of L. vernus, but relationships differed among years and were largely mediated by effects via flower number. Bivariate relationships between FFD and predispersal seed predation ranged from significantly negative to significantly positive. However, relationships were significant in only one year, after removing the effects via flower number. The most likely explanation for the lack of a consistent phenological trend in seed predation is that the activity of ovipositing female beetles is synchronized with its resource and related to warm and sunny conditions that may occur during different periods in different years.
Flowering phenology has also been shown to influence losses to predispersal seed predation in several other systems (e.g., Elzinga et al. 2007) , but this study appears to be the first to suggest that relationships with a single seed predator can be in opposed directions in different years.
Individuals with an earlier flowering start were more likely to be grazed in 1994, also when accounting for effects via flower number. The fact that the average trend for all study years and the trend for 5 of the other 6 years were similar to the trend observed in 1994 suggests that this pattern is relatively consistent. The agent mainly responsible for damage in the study area is roe deer (Capreolus capreolus). Roe deer are attracted to the inflorescence, and damage almost exclusively affects flowering individuals (Ehrlén 1997) . Later-flowering plants may be attacked less because the availability of alternative food sources increases rapidly after the first L. vernus individuals have initiated flowering. In addition, several other studies have found that intensity of herbivory is related to the time of flowering (Evans et al. 1989; Juenger and Bergelson 1998; Juenger et al. 2005) . Grazed L. vernus individuals both failed to produce seeds in the year of the attack and had a lower probability of flowering in the following year. Taken together, this suggests that antagonistic interactions with herbivores can place a strong selection on timing of reproduction.
In our study, the effects of FFD on fitness via seed set and antagonistic interactions were sometimes in opposed directions. Most other studies investigating effects of pollinators and antagonists have found that they are related to phenology in different ways and often in opposed directions (Elzinga et al. 2007) . Opposed effects by mutualists and antagonists imply that optimal flowering start will depend on the relative strength of mutualistic and antagonistic interactions. Moreover, the effects of FFD on seed production and the probability of flowering in the following year, via grazing, were in opposed directions in most of the study years. Such opposed effects on different components of fitness mean that the optimal flowering strategy is not necessarily the one associated with the highest current seed production, but optimal timing of flowering occurs when the difference between gains in one fitness component and losses in the other component are largest. Because different fitness components are involved, net relationships between fitness and trait values can be calculated only by integrating information over the entire life cycle.
In L. vernus, individuals with an earlier flowering start had higher estimated population growth rate in all years when both direct effects of FFD and effects via flower number were included (selection differentials). In contrast, selection gradient analyses including only the direct effects of FFD showed that net selection differed between years, with regard to both direction and magnitude. This variation in selection gradients among years was largely the result of variation in the relative strength of consistently positive effects of an earlier-flowering start via seed set and consistently negative effects via grazing. In the year with the largest positive effect of early flowering, 1990, the difference in population growth rate between the earliest and the latest individuals to start flower was 0.12. Overall, pathways via seed production contributed more to the total effects of FFD on population growth rate than did pathways via the probability of flowering. Because population growth rate was more sensitive to changes in the probability of flowering than to changes in seed production, this difference was smaller than suggested by differences in the relative effects of FFD on the respective fitness component.
The fact that relationships between FFD and fitness were stronger and more consistent when effects via flower number were included strongly suggests that part of the higher fitness of early-flowering individuals is mediated by flower number and possibly underlying differences in resource state. An earlier start of flowering was closely correlated with a higher flower number in all years, and a higher flower number, in turn, was positively correlated with current seed production and the future probability of flowering. Our results, suggesting that not only magnitude of effects but also the direction of selection was biased by indirect effects, differ from previous findings that indirect selection is small and that environmental bias tends to effect magnitude of selection estimates rather than the sign (Kingsolver et al. 2001; Scheiner et al. 2002; Stinchcombe et al. 2002) . The finding that the benefits of an early flowering were partly caused by a correlation with flower number is, however, analogous to studies suggesting that earlybreeding birds have a higher quality than late breeders (Verhulst et al. 1995; Gienapp et al. 2006) . The extent to which selection estimates for timing of reproduction are prone to environmental bias more generally remains to be examined.
Given that L. vernus is a species with relatively stable population dynamics, our estimates of the difference in total fitness, measured as population growth rate, between early-and late-flowering plants were comparatively large in some years. It has been argued that environmental conditions may determine fitness to a greater degree than do plant characters themselves (Herrera 1993; O'Connell and Johnston 1998) . Our results do, however, indicate that differences in population growth rate between early-and late-flowering phenotypes of L. vernus in some years are of the same magnitude as average differences among habitats (cf. Ehrlén 1995b).
The direct effects of FFD on population growth rate were not consistent but fluctuated over time. During the study years, we encountered positive, negative, and no selection for earlier flowering. The factors driving the temporal variation in selection in our system may act via absolute abundances of pollinators, seed predators, and grazing animals. Alternatively, climatic variation may influence the temporal overlap of L. vernus flowering with the activity of interacting animals. Also, for other systems where flowering phenology influences interactions with mutualists and antagonists, it has been demonstrated that net effects on seed production vary between populations and years (Brody 1997; Bishop and Schemske 1998; Ollerton and Lack 1998; Rey et al. 2006) . Moreover, differences in selection from different antagonists have also been shown to contribute to variance in selection (Juenger and Bergelson 1998; Rey et al. 2006; Elzinga et al. 2007 ). Variation in the relative strength of selection from different agents may therefore contribute to the maintenance of genetic variation in flowering phenology in many systems.
Conclusion
Our results with Lathyrus vernus are consistent with the notion that constancy in biotic selection pressures may be rare (cf. Dobzhansky 1950; Horvitz and Schemske 1990) . Net selection on flowering phenology, in terms of its partial correlation with population growth rate, differed between years, with regard to both direction and magnitude. This variation in selection was the result of among-year variation in the relationships between flowering time and seed set and antagonistic interactions, partly influencing different components of fitness. Our results also suggest that correlation between timing of reproduction and fitness can, to a large extent, be mediated by other traits. Brody (1997) , studying opposed selection from mutualists and antagonists, concluded that all relevant interactions need to be included to assess selection gradients and that studies should be repeated over several years and localities. On the basis of our results, this argument may be extended to that in systems where several fitness components are involved; net selection gradients can be assessed only by including covarying traits and linking trait selection analyses to demographic analyses. Such comprehensive analyses are essential to understanding how current variation and predicted future changes in climate will influence selection on timing of reproduction in iteroparous organisms.
